Whether or not a tetrahedral intermediate is formed in the reaction pathway of a-chymotrypsin-catalyzed hydrolysis has been a subject of great interest. Some of the first evidence for such intermediates in nonenzymatic acyl-transfer reactions came from the study of the alkaline hydrolysis of esters labeled specifically in the carbonyl group with 180 (1) . The occurrence of a similar intermediate in the a-chymotrypsin-catalyzed hydrolysis of some anilides and hydrazides has been recently proposed from kinetic studies by several research groups (2) (3) (4) (5) (6) (7) (8) (9) . An important contribution to this problem on (nonspecific) ester substrates has been made by Frankfater and K6zdy (10) , who obtained identical rate constants for the a-chymotrypsin-catalyzed hydrolysis of p-nitrophenyl acetate and thiolacetate. Since an -SR group was expected to be a much better leaving group than an -OR group, it was argued that the bond-breaking process could not occur in the ratedetermining step. Studies of the breakdown of similar tetrahedral compounds as hemithioacetals and acetaldehyde hydrate (29) and ketene 0, S acetals (43) have demonstrated the leaving superiority of -SR over -OR. Because there is no observable accumulation of a tetrahedral intermediate, a rapid decomposition step must follow a slower addition Abbreviations: AcTrpONp, N-acetyl-itryptophan p-nitrophenyl ester; AcTrpSNp, N-acetyl-Ditryptophan p-nitrothiophenyl ester; AcTrpOEt, N-acetyl-L-tryptophan ethyl ester; AcTrpSEt, N-acetyl-rtryptophan thiolethyl ester; AcGlyOEt, acetylglycine ethyl ester; AcGlySEt, acetylglycine thiolethyl ester; ZGlyOEt, benzyloxycarbonylglycine ethyl ester; ZGlySEt, benzyloxycarbonylglycine thiolethyl ester; AcPheOEt, N-acetyl-Lphenylalanine ethyl ester; AcPheSEt, N-acetyl-DL-phenylalanine thiolethyl ester; DCC, dicyclohexylcarbodiimide.
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step. Such a reaction scheme is identical to that postulated for the alkaline hydrolysis of oxygen and thiol esters (10).
The purpose of this investigation is to determine whether such results are applicable to the acylation of a-chymotrypsin by specific ester substrates. The acylation rate constant, k2, and the enzyme-substrate complex dissociation constant, Eq. 4] , for N-acetyl-tryptophan esters were directly measured at pH 4.0, 5.0, and 8.0 and 25.50 in this investigation. These constants for specific ester substrates have not previously been determined under conditions close to their physiological environment, although some data for alkyl esters at acidic pH levels has been reported by Hess et al. (11, 12) . Therefore, it is expected that the kinetic parameters themselves obtained here will provide further knowledge about the individual steps in the a-chymotrypsincatalyzed reaction.
MATERIALS AND METHODS
a-Chymotrypsin (three times crystallized) was a Worthington Biochemical Corp. product. Its concentration was determined by active site titration using p-nitrophenyl p'-guanidinobenzoate (13).
N-Acetyl-rtryptophan p-nitrophenyl ester (AcTrpONp) was obtained from Cyclo Chemical Co., mp 131-132°.
N-Acetyl-rotryptophan ethyl ester (Cyclo) (AcTrpOEt) was recrystallized from dry ethyl acetate-ether as described previously (14), mp 105S106'. N-Acetyl-Di.tryptophan p-nitrothiophenyl ester (AcTrpSNp) was prepared from N-acetyl-rtryptophan (Sigma) and p-nitrothiophenol with dicyclohexylcarbodiimide (DCC) in acetonitrile at room temperature. The urea was filtered and the solvent removed in vacuo at room temperature. The residue was repeatedly recrystallized from acetone and anhydrous ether at 40, mp 195-197 formamide used for stock solutions of substrates were Eastman Kodak Co. spectro grade products. Steady-state kinetics were determined at pH 7.0 using a Cary 14 PM recording spectrophotometer with a thermostated cell holder. The hydrolyses of AcTrpONp and AcTrpSNp were followed at 400 nm (e = 8,500 M-1 cm-') and 410 nm (e = 13,400 M-l cm-'), respectively. The hydrolyses of AcTrpOEt and AcTrpSEt were followed at 300 nm (As = 240 M-' cm-') described previously (14) . Acylation reactions were measured by a Durrum stopped flow spectrometer (model D-110) with a Durrum Temperature jump accessory, according to methods described previously (16). Volumes of both components were 300 A1 per measurement at pH 4.0 and 5.0, and 450 /l at pH 8.0 so as to observe approximately the last 100 ,ul which is the freshest after mixing. The monitored wavelengths were 340 nm for pnitrophenol at pH 4.0 and 5.0, 402 nm for p-nitrophenolate ion at pH 8.0, 340 nm for p-nitrothiophenol at pH 4.0, 410 nm for p-nitrothiophenolate ion at pH 5.0 and 8.0, and 465 nm for the enzyme-proflavin complex for both ethyl and thiolethyl esters at pH 5.0 and 8.0. The values of k2 and K, were calculated by means of a CDC 6400 computer program written for the least-squares analysis of an Eadie plot (17). The experimental conditions along with the results are summarized in Table 2 .
In experiments with the p-nitrothiophenyl ester, the enzyme stock solution was purified with Sephadex G-25 (10).
RESULTS
Steady-state kinetic parameters obtained by conventional methods are shown in Table 1 . Values of kcat for all four substrates are identical within experimental error.
In the presteady state experiments with AcTrpONp and AcTrpSNp, the pseudo first-order rate constant, kob,, was determined under conditions of [Eo] >> [So] . An advantage of these conditions is the elimination of the turnover portion of the enzymatic reaction. Furthermore, the results are not affected by the presence of the D-isomer. An oscilloscope trace is shown in Fig. 1 . Good first-order plots were obtained from such traces. At pH 8.0, only the last part of the reaction is observable because of the "dead" time of the apparatus. The reliability of the data thus obtained was checked by the observation that data at the lower pHs fit well with the first-order plot up to greater than 90% re- Gutfreund et al. (18, 19) and employed by Hess et al. (11, 12, 20 [4] k-i +
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In addition, the results in Table 2 indicate that the mechanism of the acylation part of the reaction is also identical for both the oxygen and sulfur esters. Since an -SR group is a better leaving group than an -OR group by at least two or three orders of magnitude (ref. 27-29, 43 , see introduction) the near identity of the k2 values for the thiol esters and their oxygen counterparts demonstrate that a one-step acyl-transfer reaction does not occur. The simplest way to explain the data is to postulate a metastable tetrahedral intermediate, the formation of which is the rate-determining step of the acylation reaction. The first slower bond making step is rate-determining and precedes the second faster bond breaking step. On the assumption that the stationary concentration of the intermediate, TI, is invariably very small, the observed overall acylation rate constants k2 can be expressed in terms of Eqs. 5 and 6. Since no tetrahedral intermediate is ka, kb E S 2 TI ES' + PI [5] k-a k2 = kakb/(kL-+ kb) [6] directly observed, kb >» ka, and since k2 is the same for the thiol and oxygen esters, kb >> k,. This is in agreement with the results obtained for the alkaline hydrolysis of oxygen and thiol esters (27, (29) (30) (31) , and also for the a-chymotrypsincatalyzed hydrolysis of p-nitrophenyl acetate and thiolacetate (10). In the determination of k2 by the proflavin-displacement method, the absorption at 465 nm decreases at first very rapidly due to the formation of a noncovalent enzyme-substrate complex. This is followed by a further decrease at 465 nm, which was measured by the stopped-flow technique, due to the formation of a covalent tetrahedral intermediate. It is assumed that the decomposition step of the tetrahedral intermediate to acyl-enzyme does not involve further proflavin displacement. In this case the observed rate constants by this method correspond to the formation of the tetrahedral intermediate and not to their breakdown. In terms of the Hammond postulate, some ambiguity may exist as to the magnitude of kb of the ethyl ester as the pK. of its leaving group (about 16) is probably larger than that of the serine hydroxyl nucleophile. Nevertheless, it should be emphasized that the conclusion regarding the tetrahedral intermediate in the previous paragraphs is applicable for all four esters since quasi-identical k2 values were obtained for the ethyl and thiolethyl esters, also.
It is seen from the K, values of the ethyl ester and its sulfur counterpart that the nature of the atom being displaced during acylation has a fairly large effect on binding to the enzyme, contrary to previous speculation. Since nonproductive binding should be a very minor factor, if any, in reactions Since the value of K. depends, more or less, on the nature of the leaving group, and since the difference in k2/K, terms are mainly due to differences in K, it is obvious that k2/K, (= Kcat/Km) should not be used for studies of the acylation process without careful consideration. It can be easily said that the much larger kcat/Km values of ZGlySEt and AcPheSEt than those of their oxygen counterparts (in Table 3 ) are mainly due to the stronger binding of the thio!ethyl esters, although the larger value for kA of thiolethyl esters over their oxygen analogs is also possible, as was mentioned above. The experimentally obtained k2 values for AcTrpONp and AcTrpSNp at pH 8.0 are an order of magnitude smaller than that estimated for the oxygen ester from steady state studies in the past (14) and are at the usual upper limit of the rate constant for acid-base catalysis (103-104 sec') (36), although faster than the rate constant of a simple proton transfer from water to imidazole (2300 sec') (36). p-Nitrophenyl esters are usually two orders of magnitude more reactive toward alkaline hydrolysis than ethyl esters (37). The relative reactivity ratio of the specific ester substrates in enzymic hydrolysis is, however, only 4 to about 5 at pH 8.0. This may reflect that the k2 value at this pH has approached the maximum rate constant for general base catalysis.
Some k, values for a-chymotrypsin-substrate complex formation are 6 X 107 M-1 sec' for N-trans (2-furyl) acryloyl-L-tryptophanamide at 150 (38), 108 M-1 sec' for proflavin at 120 (39), 2.1 X 107 M-1 sec' for biebrich scarlet at 200 (40), and 1.5 X 10' M-1 sec' for trifluoroacetyl-D-tryptophan at 320 (41) . Considering these values and the conditions that k1 > k,/Ks (42) , and that ki is lower than diffusion controlled [about 109 sec ' (36) ], the probable k, value for AcTrpONp and AcTrpSNp will be (6-10) X 107 M-1 sec'. Taking a K, value of (0.5-1) 10-4 for both substrates, k_1 = (3-10) X 103 sec'. Therefore, the observed k2 values for these substrates are at the most comparable to the k-, values.
Finally, an interesting problem arises from the experimental data. Using the value of k2 at pH 8.0 as the k2 (lim) value, one can calculate an apparent pKa for the enzyme-substrate complex according to: k2 = k2 (lim)/(l + [HI/Ka). [7] The estimated pK; values are 5.8, 5.6, 6.5, and 6.2 for AcTropONp, AcTrpSNp, AcTrpOEt, and AcTrpSEt, respectively. The value for the former two are abnormally low, even taking experimental error into account. Further study for this direction, including complete pH profiles of all four substrates, is now in progress, and details will be published elsewhere.
